cancer, but with a lower negative predictive value 98.0% (97.5-98.5; Z = 4.3; P < 0.001) in 3298 not screened patients (42 cancers without cirrhosis).
Conclusions:
In patients with chronic liver disease the LCR1 and LCR2 tests identify those with a high risk of liver cancer, including in those without cirrhosis.
NCT01927133.

| INTRODUCTION
Primary liver cancer (PLC), the second most frequent cause of cancer-related death, mainly develops in patients with chronic liver disease. 1 The discrimination of those at high risk from those at low risk of PLC would be highly important in these patients. 2 Most published PLC risk scores have included histological cirrhosis as a major component, which is a limitation due to the adverse events and the cost of biopsy. The development of non-invasive tests of fibrosis could improve the prediction of the cancer risk in large populations. 3 In 1997 we constructed a fibrosis blood test (FibroTest ® , FibroSure in USA), 4 which has been validated in chronic hepatitis C (CHC) 5, 6 and B (CHB), 5, 7 alcoholic liver disease (ALD), 8 and non-alcoholic fatty liver disease (NAFLD), 9 with similar prognostic values. 10, 11 Therefore, the FibroTest can replace a biopsy to determine the presence or absence of cirrhosis when constructing new tests to predict candidates at risk who require surveillance .
Despite their association with fibrosis, two components of the FibroTest could also be predictive of PLC, independently of the presence of cirrhosis. Apolipoprotein A1 (ApoA1) is associated with an increased risk of overall cancer. 12, 13 There is also evidence to indicate that ApoA1 and haptoglobin mediate hepatoprotection. In healthy volunteers testing acetaminophen, these proteins were differentially expressed in subjects who subsequently developed an increase in transaminases vs those who did not. 14 Also, in patients with drug-induced liver injury, higher serum levels of these two proteins were predictive of transaminase recovery. 15 This suggests that individuals with lower ApoA1 or haptoglobin at inclusion could be at a higher risk of developing PLC, irrespective of the presence of cirrhosis.
GGT was the third component of interest, as several studies have demonstrated its strong independent predictive value for PLC.
Although the underlying mechanisms are unclear, GGT is significantly associated with cytotoxicity induced by cholestatic and metabolic disorders, as well as with excessive alcohol consumption. [16] [17] [18] Alpha2-macroglobulin (A2M), is a multifunctional binding protein with protease and cytokine scavenging properties that has been studied as a marker of liver fibrosis. 4, 19 So far, no direct association with PLC has been reported in either humans or rodent models. 19, 20 On the contrary, A2M was strongly associated with anti-cancer mechanisms in the nude mole rat. 21 Our first aim was to construct a "high-risk" individualized blood test (LCR1, patent pending) to measure the 10-year risk of PLC in patients with liver disease, without or with cirrhosis. We used six components: apoA1 and haptoglobin as markers of hepatoprotection,
GGT as a marker of cytotoxicity factors, adjusted to A2M to take into account the severity of fibrosis, as well as age and gender.
LCR1 was constructed as a very early marker of the risk of liver cancer (LCR1), with the idea of possibly extending imaging surveillance which is now limited to patients with cirrhosis, to patients without cirrhosis, and a high risk of cancer.
The second aim was to obtain an early marker of cancer (LCR2, patent pending) combining the six components of LCR1 with alphafetoprotein (AFP), for the prediction of cancer at 5 years. If the performance of LCR2 was better (more sensitive) than AFP alone, it could be used in patients without cirrhosis with an elevated LCR1 and in patients with cirrhosis.
The third aim was to assess the efficacy of surveillance combining LCR1 and LCR2 in patients without or with cirrhosis, compared to the standard surveillance protocol recommended in United States (imaging with or without AFP), which is limited to patients with cirrhosis. 22 
| PATIENTS AND METHODS
Patients for test construction and internal validation were from the "Groupe Hospitalier Pitié Salpêtrière cohort" of FIBROFRANCE, a   program  organised  in  1997  (Clinical  registry  number: NCT01927133). The protocol was approved by the institutional review boards, regulatory agency and performed in accordance with principles of Good Clinical Practice. All patients provided written informed consent before entry. All authors had access to the study data and reviewed and approved the final manuscript.
Patients with a FibroTest performed before 2013, without previous PLC or liver transplantation, were selected ( Figure 1 ). Follow-up and hepatitis treatments were scheduled according to updated guidelines and are described in File S2. 3, 22 An ultrasound (US) examination and AFP were recommended every 6 months in patients with cirrhosis at inclusion. The diagnosis of PLC was based on a histological examination by an experienced pathologist or probabilistic noninvasive criteria. 3, 22 When the diagnosis of PLC was established, treatment was decided using a multidisciplinary approach. 
| Statistical analysis
Included patients were randomly assigned to the construction or internal validation subset, to which model results were applied. 
LCR2
Cumulative survival of patients without incident PLC was estimated by the Kaplan-Meier method. Univariate and multivariate Cox proportional hazards models were used to assess the performances of components, after checking that the variables confirmed the proportional-hazard assumption using scaled Schoenfeld residuals.
The PLC risk estimate is a predictive score based on the Cox model at inclusion. Predicted PLC risks were estimated in the construction subset by the following equation:
, where S 0 was inclusion PLC-free probability, ß the Cox regression coefficients, x the individual risk factors value, and x¯i the mean of the risk factors in construction set. The model was constructed at 10 years for LCR1 among patients without cirrhosis, to predict the very early risk of PLC, and at 5 years for LCR2 to predict the occurrence of PLC at 5 years. The sample size of 200 events corresponded to recommendations. 24 Performances were expressed and compared by the time-dependent area under the ROC curve (AUROCt). The estimation of AUROCt in the presence of censored data used the inverse probability-of-censoring weights approach corresponding to two definitions of specificity.
The first aim was to obtain a significant prognostic performance, and high-LCR2 ( Figure 2B ). To determine the benefits and harms of these approaches we calculated the number of subjects needed to be screened (NNS) as well as the negative predictive value in nonscreened patients. Predictive values differences were compared using the Wald-Z test.
All the main analyses for the performance of LCR1 and LCR2
were based on the first serum samples obtained at inclusion. In the integrated database, AUROCt of LCR1 was assessed among patients without cirrhosis, and AUROCt of LCR2 was assessed among the clinical population at risk, patients with cirrhosis as defined by the standard FibroTest cut-off of 0.74, [5] [6] [7] [8] [9] and in patients without cirrhosis but with a cancer high risk defined as LCR1 above the optimal cut-off. To improve the efficiency of surveillance, we also assessed the NNS in patients 50 years old or older, a well-known risk factor of PLC. To assess calibration, the observed risk of developing PLC was plotted against the predicted risk by the Hare approach (https://CRAN.R-project.org/package=rms). 25 
| Sensitivity analyses
To prevent any influence of colinearity from the stratification by FibroTest defining cirrhosis, which shares components with LCR1
and LCR2, we used three other definitions of cirrhosis; elasticity >12.5 k-Pascal alone, 26 biopsy alone, or at least one of these two methods.
We assessed the impact of patient characteristics, which can artificially change the AUROCs by a spectrum effect, 27 in patients with inclusion PLC, and in patients who had repeated LCR1-LCR2 mea- tion. There were no significant differences in PLC characteristics between the construction and validation subsets. The LCR2 population (n = 4053) had more cirrhosis and more PLC than the LCR1 population due to the surveillance of patients with cirrhosis by AFP (Tables S1 and S2) . 
| Construction and validation of LCR1 and LCR2
The proportional hazards assumption for the six components was validated ( Figure S1 ), and the calibration plot was acceptable for the 10-year follow-up ( Figure S2 ).
| First aim
The AUROCt of LCR1 constructed according to the weights of the six components of the construction subset (Table S3) (Table S4 ).
In the integrated database of 8497 patients without cirrhosis, the overall AUROCt of LCR1 was 0.781 (0.728-0.834) ( Table S5 ).
The optimal cut-off was 0.015. Among 5472 patients without cirrhosis with low-LCR1 (<0.015), 13 PLC occurred, representing a 99.6% 
| Second aim
The 
| Third aim
The possible efficiency of surveillance of more patients, including those without cirrhosis at high risk of cancer, was shown when the LCR1 and LCR2 tests were applied retrospectively to the 4053 cases with both tests. The algorithm "(F4-or-LCR1 ≥ optimal cut-off)-then-LCR2" reached a NSS = 12 and a negative predictive value = 99.5%
(2105/2026) ( Figure 2B ) vs NSS = 7 (755/113) and a negative predictive value = 98.0% (3233/3298) for the standard surveillance (Figure 2A) .
In 1779 patients aged 50 or older, the algorithm "(F4-or-LCR1 ≥ optimal cut-off)-then-LCR2", reached a NNS = 10 and negative predictive value = 100% ( Figure 2D ) vs NNS = 5, but much lower negative predictive value (96.8%) for standard surveillance ( Figure 2C ). (Table S5 ).
| Sensitivity analyses according to the main patient characteristics
The characteristics associated with cirrhosis (defined using FibroTest or biopsy) are presented in Table S6a -c and can be compared to those associated with PLC in Table S7a ,b. Although HIV was associated with cirrhosis, it was not predictive of PLC, suggesting a benefit from HIV treatment. Although it was not associated with cirrhosis, the presence of diabetes was predictive of PLC, suggesting a mechanism independent of the progression of fibrosis.
| Other sensitivity analyses
The AUROCt's of LCR1 and LCR2 were not different according to the different liver diseases and ethnicities (Table S8) , or with the exclusion of eight cases with cholangiocarcinoma (data not shown).
For the diagnosis of contemporaneous PLC (121/4047), the AUROC of LCR2 (0.905; 0.875-0.928) was higher (P < 0.001) than that of AFP (0.796; 0.741-0.840) due to the increase in sensitivity (Table S9) . Repeated measurements of LCR1 were performed in 3931 patients, 3.6 years (3.6-7.0) after inclusion (Table S10a ). An improvement in LCR1 for at least one quartile was observed in 245 (6.2%) cases, and was strongly associated with an improvement of necrosis and inflammation assessed by ALT in uni and multivariate analyses Table S10b) .
T A B L E 2 Characteristics of cancer detected during follow-up in the populations without contemporaneous cancer at inclusion
Characteristics of LCR1 population without contemporaneous PLC Number (%)
| DISCUSSION
In this study we constructed and internally validated two multi-analyte blood tests, LCR1, which identified patients without cirrhosis with a high risk of liver cancer at 10 years, and LCR2 which had better performance than AFP for the prediction of the occurrence of PLC at 5 years, both in patients without and with cirrhosis. Our results strongly suggest that assessing LCR1 in patients without cirrhosis, and LCR2 both in patients with cirrhosis or in those without cirrhosis but with high LCR1, should improve the efficiency of the AASLD-standard surveillance protocol with ultrasonography, with or without AFP and limited to patients with cirrhosis.
This retrospective analysis of a prospective cohort has several strengths and limitations.
| Strengths
First, this study confirmed the performance of these tests in patients without cirrhosis, who represented 86% of the cohort. Thus far, most patients without cirrhosis have been investigated in CHB cohorts. 2, 16, 29, 30 Only one study has used elastography, which was found to have predictive value, however, no multi-analyte test was constructed. 29 Although one study constructed a test in patients with CHC without cirrhosis at biopsy, they did not use any validated marker of fibrosis. Nevertheless, the prospective follow-up was long enough to obtain a sufficient number of events and to validate repeated test performances in 1856 patients (Table S10) . In another study, the estimated 10-year incidence of PLC was 4.8% in HBV Asian male carriers without metabolic factors. 16 When we analysed our subset of Asian males without type-2 diabetes, the 10-year incidence of cancer (7/227) was similar, ie 4.2% (0.8-6.5).
Fifth, we combined factors linked to PLC by different potential mechanisms. Whereas GGT had similar risk ratios in patients with and without cirrhosis, 17, 18 ApoA1 and haptoglobin potential markers of hepatoprotection, had a higher risk ratio for predicting PLC in patients without cirrhosis than in those with cirrhosis (Table S3 ).
Thus, LCR1 was a sensitive test that identified high-risk cases with no specific marker of PLC and independently of the presence of cirrhosis. Furthermore, the specificity of LCR2, which combined the components of LCR1 with AFP, the specific AASLD-standard PLC marker, was higher than AFP alone, without decreasing the sensitivity.
The present strategy could be further improved with other available specific PLC markers. A recent study combined proteins and genetic biomarkers (CancerSEEK) to increase sensitivity without decreasing specificity for the detection of contemporaneous solid tumours. This test had an AUROC of 0.910 (0.900-0.920). 32 The AUROC for LCR2 in our study was similar for the diagnosis of contemporaneous PLC, ie 0.905 (0.874-0.928) (Table S9 ). Appropriate comparisons must be direct and in the same patients. However, our analysis validated LCR2 for incident PLC using patients with liver disease as controls rather than healthy controls, which may have artificially increased the performance of CancerSeek. 31 It should be noted that two of the CancerSEEK components, the tissue inhibitor of metalloproteinases-1, and the hepatocyte growth factor, are connected to the two proteins used in LCR1, A2M, and haptoglobin. 32, 33 Finally, LCR1 and LCR2 combined simple, available, and affordable components, in which the risks of false positive and negative are well known.
| Limitations
First, the applicability of this predictive model is limited by the lack of external validation. We focused on the construction of LCR1 as a very early marker in patients without cirrhosis, according to the possible but not confirmed increase in the occurrence of PLC in CHB carriers 2 and in NAFLD patients without cirrhosis, including obese patients and type-2 diabetics. 34 There is an unmet need to validate a new test in patients without cirrhosis. LCR1 has no clinical interest in patients with cirrhosis, as this condition is already known to be a main risk factor of PLC. LCR2 is of clinical interest in both patients without cirrhosis and a high LCR1 was well as in patients with cirrhosis.
We also acknowledge that we have constructed biomarkers that are significant, whatever the cause of liver disease. Therefore, we did not include other potential components that could have additional predictive value for a single liver disease such as HBV or HCV markers or a family history of HCC. 2, 3, 31 In addition, we did not analyse the predictive value of evolving risk factors during follow-up, such as alcohol intake or diabetes.
However, test performances persisted in the large subset that received repeated testing. We also did not analyse the predictive value of steatosis, being overweight, tobacco, coffee, chocolate, or cannabis consumption, physical exercise, or long-term drug use, all of which may be associated with fibrosis or the risk of PLC. However, GGT was highly associated with the risk of PLC, probably due to its association with cytotoxicity factors such as alcohol and metabolic factors. [16] [17] [18] Indeed, the presence of type-2-diabetes was predictive of PLC (Table S7) , although it was not associated with cirrhosis at inclusion, suggesting a mechanism independent of the progression of fibrosis. The association between non-alcoholic fatty liver disease and the risk of hepatocellular cancer, was not validated in a systematic review 35 but it was strongly suspected in patients without cirrhosis. 34 Several known or unknown factors may be associated with the risk of PLC during a 10-year follow-up. In this study, the aim of LCR1 was to construct a very early sensitive marker of the risk of PLC, in a pragmatic context of use, assuming the possible variability due to these factors. In order to homogenise a criterion of response appropriate for the different liver diseases (viral suppression, diabetic treatment, weight, or alcohol consumption) during the followup, we used ALT transaminase as a marker of necro-inflammatory activity. Results showed a very high association between the improvement of LCR1 and those of ALT, as well as CHC as a cause of liver disease, in line with the beneficial effect of chronic viral suppression in these patients. In this large cohort, the proportional hazard assumption was validated, and no significant covariates were identified, with only a small age effect which should be checked in external validation. The incidence of cholangiocarcinoma was too small and largest cohort is needed for validating the tests for this PLC subset.
When considering a screening test, once must consider the benefits and harms, including the false positive impact. 3, 36 We did not perform a cost-efficiency analysis, but the simple analysis of the number needed to screen, and the negative predictive value suggested that the surveillance of patients without cirrhosis by the algorithm combining LCR1 and LCR2 could be compared to the standard including only cirrhosis.
In patients 50 years of age or older, the number of patients to be screened for one cancer detected raised from 5 (AASLD-standard surveillance) ( Figure 2C ) to 10 using "(F4-or-LCR1 ≥ optimal cut-off)-then-LCR2)" algorithm( Figure 2D ). However, the negative predictive value of this simple algorithm reached 100% (99.2-100) vs 96.8%
(95.8-97.7; P < 0.001) using AASLD-standard surveillance.
Another limitation could be that surveillance is cost effective when PLC annual incidence is above 1%. 22, 36 Here, in the population with LCR1 and LCR2, the 15 years incidence was 13% (95% CI 10%-16%), that is 0.9% after exclusion of the first year where PLC
were not included and 1.1% if restricted to patients older than 50 years.
Diagnosis of PLC at early stage is susceptible to biases such as lead-time bias (apparent improvement of survival because of an anticipated diagnosis, mainly occurring in follow-up shorter than 5 years) and length time bias (over-representation of slower-growing tumours). 3, 37 Here the risk was minimal, as LCR1 was not designed to diagnose a small cancer, but to identify risk profiles 10 years before the occurrence of cancer, including patients without cirrhosis.
For LCR2, the endpoint was at 5 years, but all PLC occurring the first year were not included, and same performances were observed at 10 or 15 years. Moreover, the comparator AFP shared the same risk of bias than LCR2.
We acknowledge also that only 41% of our cases underwent AFP measurements, now more recommended together with ultrasonography. 22, 37, 38 Other combinations should also be tested with imaging and forthcoming new direct PLC makers. The multi-analyte test LCR2, used the LCR1 components combined with AFP alone as a PLC specific marker, but we did not combine second generation PLC biomarkers. 3, 36 In conclusion, in patients with chronic liver disease we constructed two tests with significant performances, LCR1 for the early stratification of cancer risk in noncirrhotic patients and LCR2 for increasing the sensitivity of AFP alone. External validation should permit to extend imaging surveillance after the age of 50, to patients without cirrhosis with high LCR1, and to confirm the increased performance of LCR2 vs AFP alone, in patients with cirrhosis and in patients without cirrhosis but with high LCR1.
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